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Abstract: The effect of using different types of window layer on the performance of thin-film solar cell based on CdTe 
was studied. Here, we investigated Cadmium Sulphide (CdS), Zinc Selenide (ZnSe) and Zinc Sulphide (ZnS) as window 
layer candidates. The calculations of short-circuit current density, internal quantum efficacy, external quantum efficient 
and the solar cell efficacy were achieved based on the optical and recombination losses. The calculation of the optical 
losses was performed considering the reflection process at the interfaces of the contacted layer and absorption process in 
the frontal charge-collecting and window layers. The recombination loss estimates on both front and back surfaces of the 
CdTe layer is based upon the physical parameters of the window/absorber junction and absorber layer. It was found that 
the highest short-circuit current density of 26 mA/cm2, the lowest optical and recombination losses of 16% and 
consequently the highest cell efficiency of about 21.3% were achieved for ZnS window layer. For CdS window layer, the 
values of short-circuits current density, optical and recombination losses and cell efficiency were 23.38 mA/cm2, 25% and 
19%, respectively. The corresponding values of ZnSe layer were between those of ZnS and CdS. These results show that 
ZnS is considered a good alternative material for the traditional CdS window layer or at least it makes a promising alloy 
with CdS.  




CdTe based thin-film photovoltaic is one of the most 
attractive and promising substrate thin-film collar cells. 
CdTe is an ideal absorber material for its 1.45 eV energy 
gap, which is ideal for solar energy conversion [1]. 
Moreover, CdTe has a high absorption coefficient so a few 
microns are sufficient to absorb more than 98 % of the 
light [2]. CdS and CdTe make an ideal junction for solar 
cell application because of the CdS-CdTe lattice 
similarities, which improve junction and device 
performance [3].  
CdS material has unique physical and chemical properties 
such as superior transparency, direct band gap transition, 
minimal exciton Bohr radius of 2.5 nm, high electron 
affinity, n-type conductivity and thermal stability [4-6]. 
However, the 2.42 eV energy gap of CdS is comparatively 
low thus the photons with energy from 2.42 eV to end of 
visible region range are prevented to pass to absorber layer 
[7] and so causing little contribution to the 
photocurrent.Improvement the performance of CdTe solar 
cell can be introduced by replacing the traditional CdS 
with wide band gap materials such as ZnS [8] and ZnSe 
[9] where they allow more light to pass without being 
absorbed.  
ZnS is considered the better choice as a window layer 
because it has a wide direct energy gap (3.68 eV), 
environmentally safe, earth-abundance and cheapness. 
More transparency in wavelength range 350–550 nm could 
be achieved for ZnS material comparing with CdS [8]. 
ZnSe is an excellent substitute for CdS in photovoltaic 
solar cells because of its 2.7 eV wide band gap [9]. There 
are a lot of previous studies that are focusing on using 
different materials rather than CdS as a buffer layer for 
thin-film solar cells. It is reported that, using ZnS as a 
window layer lead to further improvement in the short 
current-density (Jsc) of CIGS thin-film solar cell [10, 11]. 
Hong et al [12] succeeded in using chemical bath 
deposition technique to fabricate ZnS/CIGS solar cell with 
reasonable efficiency and high open circuit voltage. 
Besides, ZnSe thin film was applied as a window layer 
successfully in thin-film solar cells based on CdTe [13] 
and CIGS [14]. Using the chemical bath deposition ZnSe 
buffer, a CIGS cell efficiency of 15.7% was achieved by 
Hariskos et al [15]. On the other hand, Mahajan et al [16] 
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reported on the different buffer layers fabrication of CZTS 
heterojunction solar cells. They tested different materials 
as buffer layers such as Cadmium Sulphide (CdS), Zinc 
Sulphide (ZnS) and Cadmium Zinc Sulphide 
(Cd7.23Zn2.77S10). The lowest efficiency was achieved for 
CdS as a buffer layer and the highest one was observed for 
CdZS.  
In this work, a model of studying the effect of using 
different window layers (CdS, ZnSe, ZnS) on the CdTe-
based solar cells performance has been established. The 
inefficiencies in the reflection and absorption processes in 
window and charge-collecting layers have been estimated. 
Moreover, the losses due to recombination at front and 
back surface of CdTe layer have been investigated. The 
calculations of the optical losses are accomplished in the 
bases of the optical contents (n, k) of the used substances. 
While, the calculations of losses due to recombination are 
achieved based on the physical properties of the absorber 
layer and the junction. 
2  Model 
The typical structure of thin-film solar cell based on CdTe 
is glass/ITO/window layer /CdTe/Metal. In such a model, 
the absorber (CdTe) is a p-type, with an energy gap of 
1.42 eV, the junction is established at the CdTe p-type and 
n-type (CdS, ZnSe, ZnS) interface and the charge-
collecting layer is formed from ITO. 
 
2.1. Optical Losses 
 
The calculation of quantum efficacy of thin-film solar cells 
requires optical transmission T(λ). T(λ) is determined by 
reflections from the interface’s air/ glass, glass/ITO, 
ITO/window layer, and window layer/CdTe as well as 
absorption in the ITO and window layers.  
Reflection of incident light occurs between any two 
consecutive layers that have two different refractive indices 
(n1, n2), and the coefficient of refractive (R) can be 
determined from the known formula [17]: 





                                                  (1) 
For conductive materials, the refractive index takes the 
from: 
      	𝑛∗ = 𝑛 − 𝑖𝑘                                                   (2) 
 
, where n is the refractive index and k is the extinction 
coefficient. 







                           (3) 
 
The values of optical constants of ITO, CdS, ZnSe, ZnS 
and CdTe were taken from the literature data [17, 18]. For 
substrate solar cells, the incoming light from air passes 
through the substrate and then the other layers. In this case 
the reflectivity can occur at the air/glass interface.  In our 
model, we assumed that the refractive index of glass varies 
with the wavelength according to the following equation 
[19]: 









                         (4) 
Here,  a1=0.6962, a2=0.4079, a3=0.8974, λ1=68 nm, λ2=116 
nm, and λ3=9896 nm. 
The transmission of light at normal incident and under the 
consideration of neglecting the apportion process is given 
by T(λ)=1-R(λ). Therefore, T(λ) of the system that 
consists of air/glass/ITO/window is given by: 
  𝑇(𝜆) = (1 − 𝑅"#)(1 − 𝑅#>)(1 − 𝑅>?)(1 − 𝑅?@)           (5) 
where R12 is the reflection coefficient at air/glass interface, 
R23 is the reflection coefficient at glass/ITO interface, R34 
is the reflection coefficient at ITO/window interface and 
R45 is the reflection coefficient at the window/CdTe 
interface.  
When the absorption of the incident light is taking place in 
both ITO (with absorption coefficient α1) and window 
layers (with absorption coefficient α2), the transmission 
coefficient reads: 
𝑇(𝜆) = (1 − 𝑅"#)(1 − 𝑅#>)(1 − 𝑅>?)(1 −
𝑅?@)𝑒(B'C'𝑒(B)C)                                                           (6)           
where, d1 and d2 are the thickness of ITO and window 
layers, respectively.  




𝑘                                                                (7) 
where k is the wavelength-based extinction coefficient k(λ). 
The quantitative estimation of the optical losses 
(reflection) and its effect on the performance of solar cell 
can be done through the calculation of the short-circuit 
current density, Jsc, according to the following equation 
[20]: 
          𝐽GH = 𝑞∑ 		K
LM(;M)
NOM
𝑇(𝜆K)∆𝜆K                                    (8)                         
where Φi is the spectral power density, hv is the photon 
energy and Δλ is the interval between neighbouring values 
of the wavelength. 
We can determine the optical losses using Eq. (8) and the 
flowing expression 
  Losses	(%) = V1 − WXY
WXY(Z[\	)
] × 100                 (9) 
where 𝐽GH(`:a	) is the maximum short-circuit current 
density obtained at T(λ) = 1. The summation in Eq. (8) 
should be computed over the spectral range from λ = 300 
nm to λ = λg = hc/Eg, where Eg is the optical band gap of 
CdTe. The interference effects in CdTe-based thin-film 
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solar cells is minimal, i.e. they hardly change the short 
circuit current [21]. Therefore, we neglected this effect in 
this study. Besides, it was found that [22] the multi 
reflections effect results in 1% transmission increase and 
JSC increases by a very small value, indicating a weak effect 
of the multi reflection losses in enhancing the cell 
efficiency. Therefore, we neglected this effect in the current 
study. 
 
2.2. Recombination Losses 
 
Kosyachenko et al [23] simplified the expression of the 
quantum efficiency, which was given by Lavagna et al [24] 






	     (10) 
 
where Sf is the recombination velocity, Dp is hole diffusion 
coefficient, α is the absorption coefficient, W is the width of 
depletion region, and φo is the barrier height, Ln (=τnDn) is 
diffusion length of minority carriers, τn is the lifetime of 
electron and Dn is the diffusion coefficient of the electrons. 
Dp and Dn are calculated by the Einstein relation qDr/kT= 
µr, µr, where r is the carrier mobility.  
The known Gartner formula can be obtained by the 
following expression by puting Sf=0 in Eq. (10) [25]: 
              𝜂K&c = 1 −
vaw	((Bi)
"*Btu
                                           
(11) 
 
The quantum yield that takes place in the depletion region 
equals the absorptivity ( i.e., 1 – exp(–αW)). Thus, on 
subtracting the term 1 – exp(–αW) from the right side of 
Eq. (10), we obtain the diffusion component of the 
photoelectric quantum yield: 
    𝜂CKxx = 𝑒𝑥𝑝	(−𝛼𝑊)
Btu
"*Btu
                                         (12) 
This equation ignores the recombination at the back surface 
of the absorber layer. On subtracting the right side of Eq. 
(12) from the right side of Eq. (10) we obtain the drift 
component of the photoelectric quantum yield:   𝜂C|Kxc =
"*(Gd/fg)[B*(#/i)(jk(lm)/7n]p'
"*(Gd/fg)[(#/i)(jk(lm)/7n]p'
− 𝑒𝑥𝑝	(−𝛼𝑊)                              
(13) 
The  drift component of the photoelectric quantum yield 
takes into account surface recombination at the front 
interface, while the diffusion component of the internal 
quantum efficiency includes the recombination losses at 














                          
(14) 
where Sb is the back-surface recombination speed and the 
absorber thickness is denoted by d. From Eq. (13) and Eq. 
(14), the total internal quantum efficiency with 
recombination losses at front and back surface of the 
absorber layer is: 
       𝜂K&c = 𝜂C|Kxc + 𝜂CKx                                                 (15) 
The quantitative effect of the recombination losses on the 
JSC can be given using Eq.(8) but in the following form: 
      𝐽GH = 𝑞 ∑ 		K
LM(;M)
NOM
𝜂K&c(𝜆K)∆𝜆K                                    (16) 
In this case, Eq. (9) is used to calculate the recombination 
losses, where 𝐽GH(`:a	)	is obtained at Sf=0 and Sb=0.  
According to Eqs. (13)-(16), 𝐽GH(`:a	) depends mainly only 
on d and W. The other data that are represented in Eqs. (14)  
and (15) are used in this model are reported in Table 1. 
The external quantum efficiency ηext can be calculated 
utilizing internal quantum efficiency as: 
    𝜂vac = 𝑇(𝜆)	𝜂K&c                                                 (17) 
where T(λ) is given by Eq. (6), which takes into 
account the optical losses. 
2.3. Solar Cell Parameters 
 
The current density J(V) of a solar cell with single junction 
under illumination, may be formulated as a function of the 
dark and photo currents as: 
        𝐽 = 𝐽 𝑒𝑥𝑝 %
l
7n
+ − 1 − 𝐽t                                 (18) 
where JL is the photogenerated current, J0 is the reverse 
saturation current, q is the elementary charge, k the 
Boltzmann constant, T the absolute temperature and A the 
ideality factor. The value of Jo is taken from [27]. 
The efficiency of solar cell efficiency is given by: 
							𝜂 = ××m
Mu
                                                            (19) 
where FF is the fill factor, V0 is the open circuit voltage, Pin 
(100 mW/cm2) is the power density of the total AM 1.5 
solar radiation. 
The fill factor can be written as:  
       𝐹𝐹 = ×m
×m
                                                              (20) 
where Jm and Vm are the maximum current density and 
voltage, respectively. In this model, we assume that JL=JSC.  
JSC in the case of both optical and recombination 
losses are given from: 
  𝐽GH = 𝑞∑ 		K
LM(;M)
NOM
𝑇(𝜆)𝜂K&c(𝜆K)∆𝜆K                          (21) 
 
Using this expression with Eq. (9), the optical and 
recombination losses can be computed. 
 
3 Results and Discussion  
 
Figure 1 indicates the effect of window layer (CdS, ZnSe, 
ZnS) on the reflection coefficient R(λ). It can be seen that 
the values of R(λ) are in the range from 0.01 to 0.04 for the  
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interface between ITO and the window layer (i.e. ITO/CdS, 
ITO/ZnSe, ITO/ZnS) as shown in Fig.1-a. For the interface 
between window layer and the absorber layer (i.e. 
CdS/CdTe, ZnSe/CdTe, ZnS/CdTe), the values of R(λ) are 
also small and are in the range from 0.05 to 0.065 as shown 
in Fig.1-b. The behaviour of these curves depends mainly 
on the variation of optical constants (n, k) of the used 
materials with wavelength. These low values of reflection 
coefficient are due to a relatively small difference between 
the optical constants (n, k) of contacting materials [17]. 
Figure 2 illustrates the dependence of transmission 
coefficient T(λ) on the thickness of each window layer 
(CdS, ZnSe, ZnS). The results are carried out using Eq. (6), 
which takes into consideration the reflection at various 
interfaces and the absorption in ITO and window layer. 
While the thickness of ITO layer is 100 nm, the thicknesses 
of window layers are varied from 50 nm to 150 nm. It can 
be seen that a small decrease in T(λ) is observed at λ greater 
than 550 nm. And a great decrease in T(λ) can be observed 
at λ<500 nm caused by absorption in both ITO and window 
layer. Moreover, with increasing the thickness of window 
layer, more decrease in T(λ) can be observed. 
The dependence of T(λ) on the thickness of window 
layer is clear in the case of CdS (Fig.2-a) and this 
dependence becomes unclear for ZnSe (Fig.2-b) and 
ZnS (Fig.2-c) particularly at long wavelength, 
indicating a weak effect of the thickness of ZnSe and 
ZnS on the spectral transmission. The replacement of 
the window material (CdS) with wide band gap 
materials (ZnSe, ZnS) resulted in enhancing the 
transmission properties of the multilayer system. For  
50 nm thickness of CdS, ZnSe, and ZnS the average 
of T(λ) is 0.58, 0.63, 0.76 , respectively. Besides, it is 
difficult to decrease the window layer thickness to 
less than 50 nm to avoid the pin-hole effect that takes 
place in thin thickness [27]. 
Equations (8) and (9) are employed to calculate the 
short-circuit current density and the corresponding 
optical losses and the results are plotted in Fig.3-a. As 
seen from this figure, JSC decreases with increasing 























Fig.1: Spectral reflection coefficient (R) at the interfaces 
ITO/window layer (CdS ,ZnSe, ZnS) (a) and at interfaces 




Table 1. The used parameters in this model. 
 
Parameter dITO φo- qv Sn Sp µn µp τn T 




10 (ns) 300(K) 
Ref. [21, 26] [17] [17] [17,21, 26] [17,21, 26] [17,21, 26] This work This work 
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Fig.2: Spectral transmission coefficient (T) as a function of 
the thickness of window layer CdS(a), ZnSe (b) and ZnS 
(c). 
from Eq. (8), the transmission is the only effect on JSC 
values. The maximum JSC value of more than 27 
mA/cm2 is obtained for ZnS window layer at 
thickness of 50 nm and the minimum value of about 
25 mA/cm2 is obtained for CdS window layer at the 
same thickness. These due to the decreasing of energy 
gape from ZnS to CdS materials. Besides, the increase 
of the thickness of the window layer leads to decrease 
in JSC values due to the absorption process that takes 
place in this layer. The optical losses as shown in Fig. 
3-b represent a reverse behaviour of that obtained in 
Fig.3-a. For ZnS, the optical losses are around 12.8 % 
and these losses increase with decreasing the energy 
gap and the thickness of the window layer. The 
maximum optical losses record is 32% for CdS at 
thickness of 150 nm, indicating that a significant 
amount of light will not reach the absorber layer. 
The above values of JSC can be used in Eq. (18) to study the 
I-V curve of solar cell for different window layers with 
different thickness as shown in Fig.4. As seen from this 
figure, with increasing the thickness of the window layer 
the curves shift upward due to the decreasing in JSC and this 
behaviour is more obviously for CdS window layer which 
is matching with the results obtained in Figs. 2 and 3. It can 
be seen that, the values of VOC for each window layer is 
approximately constant because we used the same value of 
the reverse saturation current Jo and idialty factor A as 
mentioned in Ref. [27]. 
 
Fig.3: Calculated short-circuit current density (JSC) as 
function of the thickness of window layer (CdS, ZnSe, 




Fig.4: J-V characteristic curve at various values of the 
thickness of window layer CdS (a), ZnSe (b) and ZnS (c). 
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Figure 5 represents the solar cell efficiency of each window 
layer as a function of the layer thickness. Similar behaviour 
of current density is witnessed for efficiency where the 
gradient for the CdS layer is steeper than ZnSe and ZnS. As 
expected, ZnS shows the highest efficiency more than 22 % 
and this efficiency is approximately independent on the 
thickness of ZnS. For ZnSe the efficiency is smaller than 
that of ZnS and the influence of thickness is clear where the 
minimum efficiency of 20 % is achieved at 150 nm 
thickness. Finally, CdS shows the smallest efficiency 
comparing with ZnS and ZnSe and this efficiency can reach 
17% at 150 nm thickness. The analysis of the results 
presented in Fig.5 in terms of optical losses indicates that 
the most appealing structure at the investigated thicknesses 
is ZnS/CdTe. On the other hand, the worst structure in the 
auxiliary layers is the traditional CdS/CdTe. While, the 
containing ZnSe window layer exhibited the intermediate 
behaviour between these structures. The similar results 









The analysis of internal quantum efficiency, ηint, given by 
Eqs. (13)-(15) shows that the important parameters are the 
width of space charge region (W) and the thickness of the 
absorber layer (d). Accordingly, Fig.6 shows the 
dependence of spectral internal quantum efficiency, ηint, on 
the width of space-charge region (Fig.6-a) at fixed 
thickness of CdTe (5µm) and the dependence of ηint on the 
thickness of CdTe at fixed W=0.7 µm (Fig.6-b). As seen 
from Fig.6-a, ηint increases with increasing W and maintains 
a constant behaviour at higher values of W, due to the fact 
that at higher values of W more photons are absorbed in the 
space-charge region. At wide W, the formed electric field in 
space-charge region becomes weaker and no more increase 
in ηint can be observed. It is observed that the internal 
quantum efficiency reaches it maximum value when W 
reaches 0.7 µm. In this case the recombination losses record 
the value of 2 %. In addition, ηint increases with increase the 
thickness of CdTe particularly at long wavelength and no 
more significant effect can be observed at higher thickness. 
It can be seen that the thickness of CdTe in the range 6-8 
µm is sufficient to absorb most the incident light and the 
recombination losses in this case are 1%. Comparing Fig. 
6-a with Fig.6-b, we can conclude that the width of the 
space-charge region is more eeffective than the thickness of 


















The values of internal quantum efficiency as a function of 
the width of space-charge region and of the thickness of the 
absorber are employed in Eq. (16) to evaluate the short-
circuit current density and consequently estimate the value 
of cell efficiency as shown in Fig.7. It is clear that JSC 
increases with increasing dCdTe until 7 µm thickness. With 
further increase in thickness, JSC does not appear a 
significant dependence on the absorber thickness. Besides, 
JSC increases also with increasing the width of space-charge 
region and no further increase can be achieved at W>0.5 
µm. As shown in Fig.7-b, the maximum cell efficiency can 
exceed 24.7% under the influence of the recombination 
losses at front and back surface of CdTe. 
 
 
Fig.5: Efficiency of CdTe thin-film solar cell at 
different thicknesses of window layer (CdS, ZnSe, 




Fig.6: Spectral internal quantum efficiency (ηint) at 
different values of the width of space charge region (W) 
(a) and at different thicknesses of CdTe (dCdTe) (b). 
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Fig. 8 shows the spectral external quantum efficiency given 
by Eq. (17) and that takes into consideration the optical 
losses. The value and behaviour of ηext differs from those 
obtained for ηint due to the reflection at interfaces as well as 
the absorption in window layer. The results of this figure 
are carried out as a function of the thickness of absorber at 
W=0.7 µm and thickness of 75 nm of the window layer. 
This figure seems to be a combine with Fig. 2 and Fig. 6-b. 
It can be observed that, ηext increases with increase dCdTe 
particularly at long wavelength and no further increase can 























In order to achieve realistic parameters of CdTe solar cell, 
both the optical and recombination losses should be taken 
in calculations. Accordingly, Eq. (21) is used to calculate 
JSC and the results are plotted in Fig.9-a. The results of this 
figure are carried out at W=0.7 µm and dCdTe= 5µm. As 
expected, JSC decreases with increasing the thickness of 
window layer where more photon can be absorbed. At 
thickness of 60 nm, JSC records the values 26 mA/cm2, 24.3 
mA/cm2 and 22.8 mA/cm2 for ZnS, ZnSe and CdS 
respectively. At these values, the corresponding optical and 
recombination losses are 16%, 20.5% and 24.7 %, 
respectively as shown in Fig.9-b. Besides, we can observe 
that these losses become more effective at higher 
thicknesses of the window layer and can be increased by 
about 41.5% for increasing dCdS from 50 nm to 150 nm. In 
the case of ZnS, these losses increased only by about 5.3% 
which represents the importance of using material as an 
alternative window layer of CdS. 
Finally, the efficiency of thin-film solar cells based on 
CdTe at various window layers is calculated and plotted in 
Fig. 10 under the influence of optical and recombination 
losses. As seen from this figure at small thickness of the 
 
 
Fig.7: Calculated short-circuit current density (JSC) as 
function of the thickness of CdTe (dCdTe) at different 
values of the width of space-charge region (W) (a) and 





Fig.8: Spectral external quantum efficiency (ηext) at 
different thicknesses of CdTe (dCdTe) for CdS(a) ZnSe 
(b) and ZnS (c). 
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window layer, ZnS shows a highest efficiency comparing 
with the other layers which is more than 21% and CdS 
shows the lowest efficiency of about 19%. Besides, ZnSe 
represents a 20 % efficiency which is intermediate between 

























We investigated the effect of using different materials of 
CdS, ZnSe and ZnS as window layer for CdTe based thin-
film solar cells. In this work, the influence of optical and 
recombination losses on the performance of CdTe solar 
cells was studied. The calculations of optical losses were 
achieved based on the reflection at various interfaces and 
absorption in both frontal charge-collecting layer (ITO) and 
window layer. The calculations of the recombination losses 
were based on the recombination at front and back surfaces 
of CdTe. The values of short-circuit current density and 
quantum efficiency when using ZnS as a window layer 
were higher than those of ZnSe and CdS. The lowest losses 
of 16 % were obtained for ZnS material and these losses 
increased up to 24 % in the case of CdS. ZnS showed a 
highest efficiency which is more than 21%, CdS showed 
the lowest efficiency of about 19%, while ZnSe represented 
a 20 % efficiency which is intermediate between ZnS and 
CdS. 
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